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1.  INTRODUCTION 
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An  important  aspect  of  solar  cell  design  and  analysis  is  the  ability  to 
model  the  wide  variety  of  structures  which  are  presently  under  study.  This 
document  reports  on  the  application  of  the  Poisson  and  Continuity  Solver 
(PISCES)  semiconductor  modeling  code  to  solar  cell  studies.  The  original 
program  supplied  by  Stanford  University  has  been  modified  to  include  optical 
generation  processes  as  required  and  to  correct  a  number  of  significant  pro¬ 
gramming  errors.  In  its  present  form,  nearly  all  solar  cell  structures  which 
have  been  proposed  can  be  simulated  by  PISCES,  as  well  as  a  variety  of  other 
opto-electronic  devices  and  processes.  The  material  parameters  which  may  be 
adjusted  include,  but  are  not  restricted  to,  doping  profiles,  bulk,  interface 
and  surface  recombination  characteristics,  and  contact  properties  such  as 
ohmic,  Schottky  or  insulating.  The  major  model  selections  available  include 
Boltzmann  or  Fermi-Dirac  carrier  statistics,  voltage  or  current  boundary 
conditions,  and  steady  state  or  time-dependent  analyses. ^ 

— iThe  program  capabilities  are  demonstrated  by  analysis  of  several  state- 
of-the  art  solar  cell  designs  in  which  the  important  design  parameters  are 
varied  and  their  effect  on  the  cell  output  parameters  shown. 


2.  SOLAR  CELLS 


2. 1  FUNDAMENTALS 

All  solar  cells  consist  of  a  semiconductor  material  in  which  an  internal 
electric  field  causes  a  depletion  region  to  form.  This  field  can  be  created 
by  a  variety  of  structures.  The  major  ones  include  p-n  homo-  and  hetero¬ 
junctions,  Schottky  barriers,  metal-insulator-semiconductor  structures,  and 
electrolyte-semiconductor  interfaces.  Figure  1  shows  a  typical  p-n  junction 
device.  The  internal  electric  field  at  the  junction  serves  to  spatially 
separate  the  photo-generated  carriers  which  are  created  through  the  absorption 
of  light.  By  symmetry,  half  of  the  generated  carriers  are  minority  carriers 
which  have  a  limited  diffusion  length,  or  lifetime,  during  which  they  must 
move  across  the  junction  or  be  lost  via  recombination.  The  efficiency  with 
which  the  device  can  cause  transport  of  these  carriers  to  the  region  where 
they  become  majority  carriers  and  then  deliver  them  to  their  respective 
terminals,  without  allowing  recombination  to  occur,  is  the  fundamental  measure 
of  device  quality.  Other  basic  design  options  include  choice  of  semiconductor 
bandgap,  which  determines  the  amount  of  light  actually  absorbed,  and  the 
option  of  using  multiple  p-n  junctions.  However,  the  most  significant 
advances  in  solar  cell  electrical  output  have  occurred  through  novel  methods 
of  maximizing  the  carrier  collection  efficiency. 

The  recombination  mechanisms  that  reduce  the  cell  quantum  efficiency  can 
occur  in  the  depletion  region,  on  either  side  of  the  junction  (emitter  or 
base),  in  the  quasi  neutral  regions,  at  the  surfaces,  and  at  the  ohmic 
contacts.  Reduction  of  the  recombination  rates  is  not  simply  a  matter  of 
successfully  executing  an  ideal  design  in  the  laboratory  but  is  rather  a 
series  of  compromises  between  competing  effects.  An  example  for  the  case  of 
p-n  junction  devices  is  the  choice  of  doping  level  in  the  emitter  (the  upper¬ 
most  active  region  of  the  device  where  light  enters).  Heavy  doping  produces  a 
number  of  desirable  effects  including  low  electrical  resistivity  which  reduces 
internal  voltage  drops,  band  bending  effects  which  produce  internal  fields 
that  aid  in  minority  carrier  collection  (referred  to  as  selective  ohmic 
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contacts),  and  easy  ohmic  contact  formation.  The  penalty  is  that  the  minority 
carrier  lifetime  is  strongly  dependent  on  doping  level,  and,  therefore,  the 
diffusion  length  of  these  carriers  is  reduced  substantially  by  heavy  doping. 
Thus  a  compromise  is  usually  made.  Complicating  this  optimization  is  the 
option  of  reduced  emitter  thickness  which,  in  turn,  relaxes  the  diffusion 
length  requirement. 

In  the  example  calculations  presented  later,  the  surface  recombination  is 
treated  as  a  parameter  to  demonstrate  its  effect  on  cell  efficiency.  Also  the 
recombination  properties  of  the  ohmic  contacts  are  treated.  Ideally,  such 
contacts  have  an  infinite  recombination  velocity  for  majority  carriers  and 
zero  recombination  for  the  photogenerated  minority  carriers.  The  degree  to 
which  this  is  achieved  determines  the  "selectivity"  of  the  contact.  These 
issues  illustrate  the  rich  variety  of  solar  cell  design  problems  which  cannot 
be  evaluated  properly  without  the  use  of  a  quantitative  numerical  model. 

2.2  DEVICE  PARAMETERS 

The  two  major  categories  of  parameters  that  determine  a  solar  cell's 
design  are  device  structure  and  material  properties.  This  discussion  will 
refer  specifically  to  p-n  Junction  devices,  but  similar  considerations  apply 
to  all  cell  types.  In  the  former  category,  the  most  basic  choices  are  p/n  or 
n/p  emitter/base  design,  emitter  and  base  thickness  and  doping,  surface 
passivation  method,  and  contact  design. 

The  region  thicknesses  are  dictated  by  the  absorption  coefficient  of  the 
material  in  the  spectral  region  of  interest  and  by  the  carrier  diffusion 
lengths  which  can  be  achieved.  Solar  cells  fabricated  from  direct  bandgap 
III-V  compounds  need  only  be  1-5  ym  thick  because  of  their  high  absorption 
coefficient.  Single  crystal  Si  cells  are  generally  greater  than  100  ym  thick 
as  a  result  of  the  low  absorption  coefficient  of  this  indirect  gap  semi¬ 
conductor.  Amorphous  Si  alloy  cells  are  comparable  in  thickness  to  the  direct 
gap  cells  because  they  have  a  large  density  of  intragap  states  which  are 
effective  absorbers. 


The  previous  section  described  the  considerations  which  affect  the 
selection  of  doping  levels  in  the  emitter  region.  The  base  region  doping 
considerations  differ  in  that  relatively  little  light  absorption  occurs  there, 
especially  in  1II-V  bases  cells.  Therefore,  relatively  few  minority  carriers 
will  exist  in  the  base,  and  the  primary  loss  mechanism  will  be  IR  induced 
voltage  drops  across  the  base.  An  additional  loss  would  arise  from  increased 
dark  (reverse)  current  flow. 

The  selection  of  ohmic  contact  structure  is  also  quite  important  because 
the  contact  regions  influence  the  cell  operation  in  several  ways.  Front 
contacts  usually  are  a  metal  grid  pattern  which  represents  a  compromise 
between  shadowing  losses  and  IR  voltage  drop  caused  by  excessively  narrow 
metal  lines.  The  back  surface  has  complete  ohmic  metal  coverage,  except  for 
cases  where  infrared  transmission  by  the  rear  surface  is  needed  to  reduce  the 
cell  operating  temperature.  The  primary  function  of  the  ohmic  contact  is  to 
collect  the  majority  carriers  out  of  the  device  into  metal  grid  lines  with  no 
significant  voltage  drop.  Generally  this  is  achieved  by  producing  heavily 
doped  n+(n)  or  p+(p)  junctions  through  which  electrons  or  holes  may  tunnel, 
respectively.  An  added  advantage  of  this  type  of  contact  is  that  a  slight 
grading  can  provide  an  electric  field  near  the  contact  which  repels  diffusing 
minority  carriers  and  prevents  them  from  recombining  at  the  contact.  Contacts 
with  such  fields  are  described  as  being  "selective”.  However,  selective 
contacts  may  also  be  achieved  by  using  suitably  chosen  hetero junctions,  and 
thereby  avoid  an  important  shortcoming  of  heavily  doped  contacts.  As 
mentioned  above,  the  rate  of  bulk  Shockley-Read-Hall  (SRH)  recombination  in 
the  bulk  increases  rapidly  with  doping,  and,  therefore,  such  contacts  always 
involve  a  compromise  in  the  choice  of  dopant  concentration.  Another  method  is 
the  introduction  of  fixed  charges  of  the  appropriate  sign  on  the  emitter 
surface  between  the  grid  lines  so  as  to  repel  the  minority  carriers  while 
attracting  majority  carriers  to  the  contact. 

Two  revolutionary  contact  schemes  have  been  introduced  recently  that 
nearly  double  the  output  of  silicon  solar  cells.  These  are  the  point  contact 
cell  (PCC)  and  the  interdigitated  backside  contact  cell  (IBC).  Both  designs 
reduce  SRH  and  Auger  recombination  rates  by  reducing  the  heavily  doped  contact 


area  in  the  cell  and  by  using  very  low  doping  for  the  carrier  diffusion 
region.  Substantial  increases  in  open  circuit  voltages  are  also  obtained 
through  this  reduction  in  contact  area.  The  improvement  achievable  with  these 
designs  was  only  realized  through  extensive  modeling  studies  which  quantified 
the  tradeoff  between  reduced  loss  at  the  contacts  and  the  more  stringent 
requirements  placed  on  minority  carrier  diffusion  length. 

The  specification  of  a  solar  cell  design  thus  involves  a  number  of  basic 
choices,  followed  by  detailed  optimization  of  the  device  parameters.  Although 
analytical  models  are  available  which  treat  solar  cell  operation  within 
certain  regions  of  operation,  general  analyses  require  a  two-  or  three- 
dimensional  numerical  solution  method.  The  PISCES  solution  method  can  treat 
all  of  the  important  two-dimensional  effects  in  solar  cells.  The  relevant 
parameters  and  porcesses  are  specified  as  input,  and  values  for  the 
experimental  observables  are  produced  as  part  of  the  output. 

2.3  EXPERIMENTAL  OBSERVABLES 

The  processes  which  limit  solar  cell  efficiency,  such  as  bulk  and  inter¬ 
facial  recombination,  can  only  be  observed  directly  by  rather  sophisticated 
techniques.  These  methods  are  indispensable  for  process  evaluation  as  well  as 
degradation  analysis;  however,  they  are  not  used  routinely.  The  most  commonly 
used  diagnostic  method  is  the  current-voltage  measurement.  Figure  2  shows  a 
typical  current-voltage  curve  and  identifies  the  short  circuit  current  density 
Jsc*  open  circuit  voltage  VQC  and  maximum  power  point  (Vm,  Jm) .  From  these 
che  fill  factor  FF  =  vmJn/VocJsc  and  overall  efficiency  n  =  vmJm/Pin  may  be 
computed,  where  P£n  is  the  total  incident  optical  power.  The  symbol  J  denotes 
current  density  in  amps/cm2  while  I  is  current  in  amps.  An  absolute  upper 
limit  on  solar  cell  output  is  set  by  the  bandgap  E  ,  since  this  determines  the 

D 

fraction  of  P^n  which  can  be  absorbed.  These  limits  are  approximately  41%  for 
GaAs  and  43%  for  Si,  respectively.^  Some  cell  defects  cause  well-known 
variations  in  the  I-V  behavior  and  are  thus  pinpointed  by  this  diagnostic 
method.  Dark  I-V  and  spectral  response  measurements  assist  in  deciphering 
more  complex  effects. 


CURRENT 


Certainly  from  a  design  standpoint,  the  I-V  curve  is  the  most  widely  used 
predictor  of  cell  behavior.  The  PISCES  code  is  capable  of  predicting  illumin¬ 
ated  I-V  behavior,  dark  I-V  bethavior,  and  spectral  response,  which  will  be 
used  in  the  following  sections  to  demonstrate  the  effects  of  parameter  varia¬ 
tions  on  cell  performance.  PISCES  is  also  able  to  generate  transient  response 
data  for  arbitrary  cell  designs  which  may  then  be  used  to  interpret  direct 
measurements  of  carrier  dynamics. 
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3.  PISCES 


The  PISCES  program  is  basically  a  two-dimensional,  finite-element, 
differential  equation  solver.  The  fundamental  semiconductor  differential 
equations  relevant  to  device  analysis 
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=  -  q(p  -  n  +  Nd  -  Nft)  -  p 

(1) 

q3n/3t  =  VJ  -  U  +  G 
n  n  n 

(2) 

q3p/3t  =  VJ  -  U  G 

P  P  P 

(3) 

where 

Hi  =  potential 
e  =  dielectric  constant 
q  =  electron  charge 
p  =  hole  concentration 
n  =  electron  concentration 
ND  =  ionized  donor  concentration 
=  ionized  acceptor  concentration 
p  =  fixed  charge  density 
J  =  current 

U  =  carrier  recombination  rate 
G  =  carrier  generation  rate 


are  Poisson's  equation  and  the  continuity  equations,  respectively.  The 
solution  of  these  equations  comprises  self-consistent  values  for  the 
potential  and  carrier  concentrations.  The  utility  of  PISCES  arises  from  the 


broad  array  of  processes  and  parameters,  which  may  be  used  to  supplement  these 
deceptively  simple  expressions,  and  the  powerful  solution  algorithms  which 
give  remarkable  convergence  rates.  Examples  of  processes  which  may  be 
included  in  the  device  model  are  Shockley-Read-Hall ,  Auger,  interface  and 
selective  contact  recombination,  concentration  dependent  mobilities,  bandgap 
narrowing,  Fermi-Dirac  carrier  statistics,  and  incomplete  impurity  ionization. 
Material  parameters  such  as  dielectric  constant,  band  edge  state  densities, 
carrier  mobilities  and  lifetimes,  interface  fixed  charges,  and  impurity 
energies  are  adjustable. 

Several  solution  schemes  may  also  be  specified.  The  simplest  is  a 
steady-state  set  of  voltage  boundary  conditions,  one  for  each  electrode  on  the 
device.  The  output  will  then  consist  of  terminal  currents,  and  potential  and 
carrier  concentration  data  at  the  interior  node  points.  A  straightforward 
extension  of  this  provides  output  for  an  applied  voltage  ramp.  Thus,  device 
characteristic  curves,  such  as  light  and  dark  I-V  curves,  can  be  generated 
automatically  with  separate  output  files  for  each  voltage  boundary  condition. 
Alternately,  current  boundary  conditions  may  be  specified  in  which  case 
terminal  voltages  become  part  of  the  solution.  This  can  be  tricky  in  cases 
where  surface  recombination  is  specified  since  the  recombination  rate  enters 
in  the  form  of  a  current  boundary  condition. 

Transient  analysis  is  also  available  through  specification  of  time 
dependent  boundary  conditions.  The  time  step  selection  is  done  automatically, 
and  an  output  data  set  is  generated  for  each  step.  The  original  PISCES  I I b 
program  did  not  include  the  generation  term  G  in  the  continuity  equation.  The 
code  has  been  modified  to  allow  optical  generation  of  carriers  at  arbitrary 
rates  as  a  function  of  position.  This  method  was  originally  used  to  model 
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latchup  phenomena  in  integrated  circuits  induced  by  high  energy  particles. 

In  the  case  of  opto-electronic  devices,  it  can  be  used  to  generate  spectral 
response  curves  as  well  as  to  observe  intensity  dependent  effects.  This 
capability  has  been  used  to  analyze  transient  reflectivity  experiments  applied 
to  carrier  relaxation  effects  in  GaAs.^ 


Generally,  a  specified  problem  is  solved  in  two  Cartesian  dimensions 
which  are  usually  taken  to  be  one  lateral  dimension  and  depth.  The  other 
lateral  dimension  is  assumed  to  have  a  fixed  value.  For  many  problems 
involving  laser  excitation  of  samples  or  radiation  effects,  there  is  cylin¬ 
drical  symmetry.  In  order  to  take  advantage  of  this,  PISCES  has  been  modified 
to  work  optimally  with  cylindrical  coordinates  rather  than  Cartesian  coordin¬ 
ates.  For  such  problems,  the  solution  is  now  quite  accurate  because  it  has 
the  same  dimensionality  as  the  problem. 


4.  SIMULATION  RESULTS 


4. 1  BASELINE  SOLAR  CELL  STRUCTURE 

As  a  demonstration  of  the  importance  of  solar  cell  modeling  in  design  and 
analysis,  a  number  of  simulations  are  presented  below.  The  parameters  chosen 
for  study  are  especially  relevant  to  current  state-of-the-art  designs,  and 
comprise  surface  and  bulk  recombination,  emitter  doping  and  light  intensity 
(for  concentrator  cells).  In  each  case  the  effect  of  parameter  variation  on 

Voc»  Jsc»  FF*  and  n  are  8iven- 

The  baseline  cell  structure  is  shown  in  Figure  3.  The  cell  is  a  p  on  n 
type  with  a  0.5  urn  thick  emitter  on  a  9.5  vm  thick  base.  The  metal  grid 
structure  covers  approximately  10%  of  the  total  cell  surface  area  which  is 
somewhat  greater  than  for  state-of-the-art  cells.  This  was  done  in  order  to 
avoid  the  need  to  provide  PISCES  with  a  very  fine  node  spacing  under  the 
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Fig.  3.  Baseline  Cell  Structure 


contact.  The  light  spectrum  used  for  illumination  is  based  on  the  Air  Mass  0 
solar  spectrum.  This  spectrum  is  combined  with  the  known  GaAs  absorption 
spectrum  to  produce  a  function  G(z)  which  is  the  carrier  generation  rate  at 
the  depth  z.  A  four  parameter  fit  provides  a  satisfactory  approximation  to 
AMO  in  GaAs: 

G(z)  =  exp[aO  +  a1*z  ♦  a2*exp(a3*z) ] 

where  al ,a3  <  0.  The  optical  generation  rate  in  the  cell  under  this  approxi- 
mation  is  25.1  mA/cm  ,  whereas  the  true  AMO  spectrum  supplies  39  mA/cm  .  Thus 
the  current  densities  achieved  in  these  simulations  will  be  somewhat  lower 
than  those  appropriate  for  true  AMO  illumination.  In  order  to  avoid  confu¬ 
sion,  all  cell  output  powers  will  therefore  be  given  in  arbitrary  units. 

PISCES  must  be  provided  with  a  node  system  which  defines  the  solution 
points  for  the  finite  element  method.  The  generation  of  this  mesh  is  the  most 
critical  part  of  the  simulation  since  an  inadequate  mesh  design  can  lead  to 
convergence  problems,  inaccuracies  and  excessive  run  times.  Clearly  a  low 
density  of  nodes  is  appropriate  in  regions  of  the  devices  where  conditions  are 
relatively  uniform.  Higher  densities  are  required  where  large  carrier 
gradients  or  electric  fields  are  present.  In  order  to  assist  in  identifying 
these  regions,  PISCES  has  an  automatic  node  generation  option  which  regrids 
based  on  variations  of  selected  parameters.  GaAs  solar  cells  place  rather 
stringent  requirements  on  the  node  mesh  since  heavy  carrier  generation  occurs 
in  the  top  micron  or  so,  a  large  electric  field  exists  at  the  p-n  Junction, 
and  large  currents  flow  at  the  edge  of  the  upper  ohmic  contact.  A  portion  of 
the  node  layout  used  in  these  simulations  is  shown  in  Fig.  4. 

4.2  SURFACE  RECOMBINATION  AND  SOLAR  CONCENTRATION 

The  previous  discussion  indicated  that  efficient  collection  of  optically 
generated  carriers  is  the  primary  goal  of  any  solar  cell  design.  The  most 
important  material  parameters  in  this  respect  are  the  bulk  minority  carrier 
lifetime  t  and  the  surface  recombination  velocity  S.  The  lifetime  t  effec¬ 
tively  defines  the  characteristic  distance  L  which  a  minority  carrier  can 


diffuse  without  recombining.  If  the  characteristic  lengths  of  the  solar  cell 

are  comparable  to  or  exceed  L,  then  less  than  100?  internal  quantum  efficiency 

will  be  obtained.  (In  this  context,  internal  quantum  efficiency  refers  to  the 

output  current  produced  per  absorbed  photon.)  Figure  5  shows  the  output  power 

pmax  exPected  from  the  test  structure  (Fig.  3)  as  a  function  of  t.  The  upper 

scales  show  the  diffusion  lengths  for  electrons  and  holes  derived  from  the 

assumption  that  t  =  t  .  The  more  rapid  decrease  in  P__„  at  short  t  occurs 
p  n  max 

because  Lp  <  10  um  which  is  the  base  thickness  across  which  minority  holes 
must  diffuse,  and  Ln  <  0.6  ran  which  is  the  corresponding  emitter  thickness  for 
minority  electrons.  Thus  both  minority  holes  and  monority  electrons  are  being 
lost  to  recombination.  The  weaker  dependence  of  on  t  at  longer  times 
occurs  because  only  the  former  condition  is  true.  Analysis  of  this  type  is 
central  to  cell  design  evaluation  because  it  reveals  the  optimum  region  thick¬ 
nesses  and  dopings.  Refinements  of  the  procedure  used  here  would  include  the 
use  of  distinct  lifetimes  for  each  carrier  type  and  concentration  dependent 
lifetimes. 

The  surface  recombination  velocity  S  is  the  proportionality  constant 
between  excess  carrier  density  and  concentration  gradient  at  an  interface, 

Js,n  =  qV(ns  -  neq> 

Js,p  =  clSp*(ps  -  peq) 

A  large  value  of  S  indicates  that  the  surface  is  an  important  sink  for 
carriers.  Figure  6  shows  the  effect  of  S  on  VQC  and  P,^  for  the  model  cell 
structure  at  different  concentration  ratios.  The  one  sun  (labeled  IX)  results 
show  a  strong  loss  in  VQC  and  P,^  for  S  >  101*  cm/s.  An  unpassivated  GaAs 
surface  has  S  approximately  equal  to  10^  cm/s,  while  one  covered  with  AlGaAs 
might  have  S  approximately  equal  to  101*  cm/s.  At  100  suns  the  effect  of 
increased  S  on  Pj^^  is  less  even  though  VQC  behaves  similarly  to  the  1  sun 
case.  This  is  caused  by  the  absolute  value  of  VQC  starting  out  higher  at  S  =  0. 
Generally  a  larger  VQC  is  achieved  in  a  given  cell  design  where  the  carrier 
concentration  is  increased.  The  model  cell  is  not  a  good  concentrator  design 
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because  significant  power  is  dissipated  in  the  emitter.  A  good  design  would 
have  a  more  heavily  doped  emitter  and  more  closely  spaced  grid  lines,  which 
would  result  in  reduced  IR  voltage  drops. 

4.3  SPECTRAL  RESPONSE 

A  very  useful  diagnostic  for  determining  the  limiting  features  of  a 
design  is  the  spectral  response  characteristic.  The  blue  and  red  response  of 
a  cell  can  be  shown  to  depend  on  S  and  t,  respectively.  High  energy  photons 
are  absorbed  near  the  upper  emitter  surface  where  the  generated  carriers  are 
susceptible  to  surface  recombination.  Low  energy  photons  are  absorbed  more 
uniformly  throughout  the  base  region,  and  the  generated  carriers  must  diffuse 
some  fraction  of  the  base  thickness  in  order  to  reach  the  junction  and  become 
majority  carriers.  Figure  7  shows  the  internal  quantum  efficiency  of  the 
model  cell  as  a  function  of  wavelength  for  several  sets  of  material  para¬ 
meters.  All  of  the  plots  are  normalized  with  respect  to  the  S  =  0,  t  =  ®  case 
(i.e.,  no  surface  or  SRH  recombination).  The  dots  indicate  the  response  of  a 
cell  with  r  s  20  ns.  The  only  effect  is  at  long  wavelengths  where  some  car¬ 
riers  must  diffuse  across  distances  comparable  to  the  base  width  and  cannot  do 
so  with  100%  QE  because  L  is  approximately  5  pm  while  the  base  thickness  is 
9.5  pm.  The  circles  indicate  results  for  t  =  20  ns  and  S  =  10^  cm/s.  Here 
the  blue  response  has  degraded  substantially  due  to  the  essentially  unpassi¬ 
vated  emitter  surface.  The  crosses  mark  the  response  of  a  cell  with  t  =  20  ns 
and  S  =  105  cm/s,  which  is  an  intermediate  case  representative  of  a  commercial 
cell  suffering  from  processing  difficulties. 

4.4  SELECTIVE  OHMIC  CONTACT 

A  "selective”  ohmic  contact  has  a  high  recombination  rate  for  majority 
carriers  and  a  lower  rate  for  minority  carriers.  The  advantage  of  this 
feature  is  that  recombinative  losses  of  minority  carriers  in  the  emitter 
region  of  the  solar  cell  under  the  contacts  is  reduced.  Alternatively,  an 
effective  field  which  results  from  the  carrier  distribution  near  an  ohmic 
contact  can  cause  minority  carriers  to  drift  toward  the  Junction.  Typically 
this  effect  is  achieved  by  using  either  band  bending  or  hetero junctions  to 
selectively  repel  minority  carriers  away  from  the  contact,  but  is  then 


referred  to  as  a  "selective"  contact  as  if  actual  alteration  of  the  contact's 
properties  had  occurred.  Figure  8  shows  the  VQC  and  Pmax  for  the  baseline 
cell  design  with  no  surface  recombination,  and  major ity/rainority  contact 
recombination  velocities  of  10^/102,  10^/1C>\  and  10^/10^.  A  5?  improvement 
in  output  power  is  obtained  across  this  range. 

4.5  FRONT  SURFACE  FIELD 

An  alternative  to  front  surface  passivation  as  a  means  of  reducing 
minority  carrier  losses  is  the  establishment  of  a  drift  field  in  the  emitter 
to  repel  carriers  from  the  top  surface.  In  the  model  device  used  here, 
electrons  are  the  minority  carriers  in  the  emitter  so  a  negative  fixed  charge 
on  the  front  surface  would  be  required.  Figure  9  shows  the  effect  of  fixed 
charges  ranging  from  +  1011  cm-2  to  -  8  *  1011  cm"2  on  Voc  and  P^.  A  7% 
improvement  in  power  is  obtained  for  the  -  8  x  10^  cm"2  case.  Typical  sur¬ 
face  state  densities  on  GaAs  are  10^ 2  cm"2  which  is  more  than  adequate.  The 
challenge  is  to  create  a  charged  surface  with  the  correct  sign.  A  p-type  GaAs 
surface  will  have  a  positive  charge  due  to  surface  states,  which  is  the  wrong 
sign  for  the  desired  effect.  Therefore,  the  surface  must  be  modified  to 
produce  negative  states  (or  the  positive  charges  overwhelmed).  Recent  work  on 
Fermi  level  unpinning  in  III  — V  materials  has  increased  the  chances  for  success 
in  this  approach. 

4.6  TRANSIENT  ANALYSIS 

Information  may  also  be  obtained  on  the  carrier  recombination  processes 
by  making  time  resolved  measurements.  One  such  technique  which  is  useful  for 
p-n  Junction  devices  is  the  Time-of-Flight  (TOF)  measurement.  A  fast  optical 
pulse  incident  on  the  emitter  produces  a  group  of  carriers,  which  then  dif¬ 
fuses  toward  the  junction.  During  this  process,  recombination  may  occur  at 
the  front  surface  as  well  as  in  the  bulk.  A  current  pulse  is  produced  at  the 
device  terminals  when  the  modified  carrier  group  reaches  the  Junction.  The 
time  delay  between  excitation  and  current  output  reflects  the  minority  carrier 
mobility,  while  the  slope  of  the  current  pulse  contains  information  about  S 
and  t.  This  information  is  particularly  useful  for  analysis  of  radiation 
damaged  devices  since  it  probes  material  properties  directly  rather  than 
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Fig.  9.  Effect  of  Fixed  Surface  Charge  on  Output  Power 

device  properties.  PISCES  can  simulate  this  experiment.  Figure  10  shows  the 
current  pulse  resulting  from  a  PISCES  transient  simulation  on  an  n/p  solar 
cell  with  a  1.56  ym  thick  emitter.  The  optical  excitation  at  t  =  0  was  a 
delta  function  pulse,  with  wavelength  approximately  510  nm  so  that  the  initial 
carrier  group  was  very  localized  near  the  emitter  surface.  The  output  pulse 
is  seen  to  have  significant  width,  from  which  the  material  parameters  S  and  t 
may  by  estimated.  The  minority  carrier  diffusivity  is  obtained  from  the  time 
delay  value  of  0.2  ns. 
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5.  SUMMARY 


The  PISCES  computer  code  is  an  extremely  useful  method  of  analyzing  the 
performance  of  semiconductor  devices.  The  modifications  which  allow  optical 
generation  processes  to  be  included  open  the  entire  range  of  solar  cell 
structures  for  investigation.  A  number  of  examples  have  been  described  which 
treated  variables  such  as  minority  carrier  bulk  and  surface  recombination, 
excitation  wavelength,  and  transient  response.  The  relationship  of  these 
parameters  to  cell  performance  have  been  described  and  their  use  in  the  cell 
optimization  process  demonstrated.  Particular  applications  of  this  capability 
include  (a)  the  analysis  of  novel  cell  designs,  such  as  point  contact  GaAs 
cells,  and  (b)  sensitivity  analyis  of  cell  degradation  processes.  Of  special 
interest  is  the  degradation  of  cell  output  as  the  result  of  radiation  expo¬ 
sure,  which  reduces  the  carrier  lifetimes  and  also  has  significant  effects  on 
surface  recombination. 


3.  D.C.  Marvin,  et  al,  Picosecond  Carrier  Dynamics  Near 
Surface,  TR0086A( 2945-0 1 ) -5 . 


LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  'architect-engineer"  for 
national  security  projects,  specializing  In  advanced  military  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Operations  conducts 
experimental  and  theoretical  Investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  is  the  technical  staff's  wide-ranging  expertise  and  Its 
ability  to  stay  current  with  new  developments.  This  expertise  Is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  Individual  laboratories: 

Aerophyslcs  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermomechanics,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  exclmer  laser  development  Including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out-of -field-of -view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  fault-tolerant  computer  systems,  artificial  Intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications; 
microwave  semiconductor  devices,  mlcrowave/mllllmeter  wave  measurements, 
diagnostics  and  radiometry,  mlcrowave/mllllmeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  In  space  and  enemy-induced 
environments. 

Space  Sciences  Laboratory:  Magnetospherlc,  auroral  and  cosmic  ray 
physics,  wave-particle  Interactions,  magnetospherlc  plasma  waves;  atmospheric 
and  Ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics.  Infrared  astronomy. 
Infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  Ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systems;  space 
Instrumentation. 


